The visible absorption of crystals of Co(II)-substituted human carbonic anhydrase II (Co(II)-HCA II) were measured over a pH range of 6.0-11.0 giving an estimate of pK a 8.4 for the ionization of the metal-bound water in the crystal. This is higher by about 1.2 pK a units than the pK a near 7.2 for Co(II)-CA II in solution. This effect is attributed to a nonspecific ionic strength effect of 1.4 M citrate in the precipitant solution used in the crystal growth. A pK a of 8.3 for the aqueous ligand of the cobalt was measured for Co(II)-HCA II in solution containing 0.8 M citrate. Citrate is not an inhibitor of the catalytic activity of Co(II)-HCA II and was not observed in crystal structures. The X-ray structures at 1.5-1.6 Å resolution of Co(II)-HCA II were determined for crystals prepared at pH 6.0, 8.5 and 11.0 and revealed no conformational changes of amino-acid side chains as a result of the use of citrate. However, the studies of Co(II)-HCA II did reveal a change in metal coordination from tetrahedral at pH 11 to a coordination consistent with a mixed population of both tetrahedral and penta-coordinate at pH 8.5 to an octahedral geometry characteristic of the oxidized enzyme Co(III)-HCA II at pH 6.0.
Introduction
Intense discussion has been given to the similarity and differences between crystal and solution structures in understanding enzyme properties and catalytic mechanisms [1, 2] . We report here a specific example in which different sample conditions results in different properties for solution and crystal states of carbonic anhydrase II (HCA II) 1 . HCA II relies on a zinc-bound hydroxide to catalyze the hydration of carbon dioxide forming bicarbonate and a proton. The active-site zinc can be removed with chelators and replaced with a variety of metal ions (Co, Mn, Ni, Cu, Fe, Cd) [3, 4] . However, the cobalt-substituted enzyme (Co(II)-HCA II) is the only derivative with catalytic activity comparable to the native zinc-containing enzyme [5] . The zinc in the native enzyme is tetrahedrally coordinated by three first-shell amino acid ligands (His94, His96 and His119) and a single solvent molecule (Fig. 1) . The crystal structure of Co(II)-HCA II shows minimal changes in amino-acid backbone conformation as a result of the metal substitution [6, 7] . The cobalt ion, like the zinc, is coordinated by the same three first-shell histidine ligands although the number and orientation of the solvent ligands are pH dependent. Hakansson et al. previously solved crystal structures of Co(II)-HCA II at pH values of 6.0 and 7.8 [7] . They found sulfate, an inhibitor of CA, from the crystallization precipitant solution was bound to Co(II) in the structure at pH 6.0 displacing the metal bound solvent with geometry about the cobalt approximately penta-coordinate, whilst Co(II) at pH 7.8 was reported to be in tetrahedral coordination.
An advantage of the study of Co(II)-HCA II is that its visible absorption spectrum is very sensitive to pH. Specifically, the spectra fit a two-state model in which the low pH and high pH forms are related to changes in coordination about the cobalt and changes in the protonation state of the aqueous ligand of the cobalt [3, 4] . The data indicate an equilibrium between high and low pH forms, and the spectral changes parallel changes in catalytic activity [5] . More detailed solution studies show the titration curve is complex consistent with a smaller influence of other ionizable groups near the active site [4, 8] . The visible spectrum of Co(II)-CA observed at high pH shows much stronger absorbance at 640 nm (e $ 300 M À1 cm
À1
) than that at low pH (e $ 50 M À1 cm
). The optical spectra of inhibited complexes of CA suggest that the high pH form is associated with a near tetrahedral coordination 0003-9861/$ -see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.abb.2010.07.010 about the cobalt, and the low pH form is a five-coordinate structure [9] .
The aim of this study is to take advantage of the visible spectra of Co(II)-HCA II to compare in solution and in crystals the ionization state of the active site, that is the pK a of the cobalt-bound water. The visible absorption spectra of crystals of Co(II)-HCA II as well as the crystal structures at pH values of 6.0, 8.5 and 11.0 are reported. These are compared with solution properties of Co(II)-HCA II including catalytic activity and pK a of the catalysis. Whereas many studies in the literature are consistent with a pKa near 7 for the protolysis of the metal-bound water in HCA II [4, 5, 10, 11] , the crystals of Co(II)-HCA II show a spectroscopic pK a of 8.4. This difference is attributed to an ionic strength effect caused by the presence of a high concentration of citrate ions in forming crystals. Understanding this difference in pK a between crystal and solution forms of carbonic anhydrase has implications in interpreting pH dependent changes in crystal structures of carbonic anhydrase, such as the pH dependent orientation of the proton shuttle residue His64 [12, 13] , and the observation from neutron diffraction of a metal-bound water molecule in HCA II [14] .
Materials and methods

Expression and preparation of HCA II
The plasmid encoding HCA II was transformed into Escherichia coli BL21 cells through standard procedures and the transformed cells were expressed at 37°C in LB medium containing 100 lg/ml ampicillin. HCA II production was induced by the addition of isopropyl thiogalactoside to a final concentration of 1 mM at an OD 600 of 0.6. The cells were harvested 4 h after induction. The cell pellets were lysed and holo-HCA II was purified through affinity chromatography [15] .
The zinc was removed from holo-HCA II by chelation at 20°C using 100 mM pyridine-2,6-dicarboxylic acid and 25 mM MOPS at pH 7.0. After 8 h the enzyme was buffer exchanged against 50 mM Tris at pH 7.8 to remove the metal and chelating agent.
The loss of enzyme activity of the apo-enzyme was verified through 18 O exchange [16] . The enzyme activity was revived through the addition of 1 mM ZnCl 2 , attributing the loss of activity to the absence of zinc rather than to the denaturation of the enzyme.
Preparation of Co(II)-HCA II crystals
Crystals of apo-HCA II were obtained through the hanging drop vapor diffusion method. Ten microliters drops of 5 ll of protein and 5 ll precipitant were equilibrated against 1 ml precipitant solution (1.4 M sodium citrate; 100 mM Tris-HCl; pH 9.0) at room temperature ($20°C). The apo-HCA II crystals were transferred into soaking solutions of cobalt salt (100 mM CoCl 2 ; 1.4 M sodium citrate; 50 mM Tris-Cl; 50 mM 3-(cyclohexylamino)propanesulfonic acid (CAPS)) with pH values of 6.0, 8.5 and 11.0, respectively. The crystals were incubated for 2-3 days to let the Co(II) ion infuse into the active site. Each crystal was then individually sealed in a quartz capillary tube (outer diameter: 1.0 mm; wall thickness: 0.01 mm) with a small quantity of soaking solution at one end to maintain the vapor pressure and prevent crystal dehydration.
Optical measurements
The UV/VIS transmittance of crystals in the capillaries was measured using a Zeiss MPM 800 microscope photometer at room temperature (RT) using a beam spot of dimensions less than 100 Â 100 lm 2 . Due to the refractive index of the round capillary tubes and of the crystals, refraction can change the beam path, resulting in a portion of the beam missing the detector. To minimize this refraction, the tubes were placed such that the surface of the capillary tube was normal to the beam path.
For the analysis, it was important to show that any amount of light lost due to refraction was independent of frequency. First, the transmittance of empty capillary tubes was measured and found to be constant in frequency (non-dispersive). Then the transmittance of crystals contained in capillaries was corrected using the transmittance of the empty capillary tube. These results showed that the transmittance at longer wavelengths (k > 800 nm) was close to 1 which suggested that the amount of light lost to refraction was minimal (<3%). As a further check, the transmittance of the crystals was measured for different orientations of the crystal and capillary tube, and it was confirmed that the frequencies of the transmission dips (associated with absorption peaks) were independent of the orientation of the capillary in the beam. Therefore it was concluded that the placement of crystals in capillary tubes did not introduce a frequency-dependent error and did not affect the positions and relative intensities of the absorbance peaks.
The absorbance (A) is dependent on the thickness (d) of the crystals and the extinction coefficient (a) characteristic of the material and is defined as A = ad. The absolute extinction coefficients of different crystals could not be compared due to the variation in thickness and shapes of the crystals used. Therefore, the reported extinction coefficients are given in arbitrary units. At lower wavelengths, the visible spectra observed were dominated by nonspecific loss of transmission due to light scattering. To subtract this background, the absorption data for each crystal were first fitted to a Lorentzian oscillator model for interband transitions [17] .
Then, the high frequency oscillators (k < 400 nm; t > 25000 cm image plate system with Osmic mirrors and a Rigaku RU-H3R Cu rotating anode (k = 1.5418 Å) operating at 50 kV and 100 mA. The image plate-crystal distance was set at 80 mm. The oscillation steps were 1°with a 7 min exposure per image. X-ray data processing and scaling was performed using HKL2000 [18] .
All three data sets were solved and refined using SHELX97 [19] . The data were phased using the wild type HCA II coordinates (PDB Accession Code: 2CBA) [6] , with all the solvent, and the Zn(II) active site metal ion removed to avoid model bias. Five percent of unique reflections were randomly selected to serve the purpose of R free calculations. The model refinement using SHELXL97 proceeded initially with the data set from 20.0 to 2.0 Å resolution. The protein model was visualized and refined using the molecular graphics program COOT [20] . Subsequent cycles of refinement included the incorporation of cobalt, solvent and dual conformers of side chains. The protein geometry was defined by the default constraints of conjugate-least squares (CGLS) mode in SHELXL97. Each round of CGLS comprised of 15 cycles of refinement. 2F o -F c and F o -F c maps were manually inspected after each successive round of CGLS for further fine-tuning of the model and the incorporation of solvent molecules. Thereafter, the refinement of the structures of Co(II)-HCA II was scaled up to respective maximum resolutions. Table 1 
Catalysis
The rate of catalyzed hydration of CO 2 was measured by the 18 O exchange method that has been used extensively to study this reaction [16, 21] . The method uses membrane inlet mass spectrometry to determine the rate of depletion of 18 O from CO 2 as this isotope is exchanged into water where it is essentially infinitely diluted by H 2 16 O. In this study, the method was used to measure activity in the presence of large concentrations of sodium citrate.
Results
Visible absorption
Absorption spectra of crystals of Co(II)-HCA II are shown in Fig. 2 . The peak at 640 nm is a major pH-dependent absorbance for Co(II)-substituted CA II. Although there is considerable scatter in these spectra, the absorbance at 565 nm appears to correspond to the isosbestic point that is observed at this wavelength in solution phase, having an identical absorbance for a high pH and a low pH form of Co(II)-substituted CA II [3] [4] [5] . Due to the differing sizes and volumes of the crystals, a direct comparison between the extinction coefficients was not possible. However, the data could be normalized to the isobestic point at 565 nm (Fig. 2) . Fig. 3 shows that the ratio of extinction coefficients e 640 /e 565 could be fitted to a single ionization, for crystalline Co(II)-HCA II prepared from precipitant solutions containing 1.4 M citrate, for Co(II)-HCA II in solution containing 0.8 M sodium citrate, and for Co(II)-HCA II in solution containing 20 mM potassium sulfate, but no citrate, as measured by Taylor et al. [22] . R free is calculated in same manner as R cryst , except that it uses 5% of the reflection data omitted from refinement. ) mounted in quartz capillary tubes (outer diameter 1.0 mm, wall thickness 0.01 mm). The UV/ VIS transmittance was measured using a Zeiss MPM 800 microscope photometer at room temperature using a beam spot of dimensions less than 100 Â 100 lm 2 . The extinction coefficient of each crystal was scaled to be unity at the isosbestic point at 565 nm. Fig. 3 shows that the spectroscopic pK a of the crystalline enzyme prepared in 1.4 M citrate (pK a 8.4 ± 0.1) and the solubilized enzyme in 0.8 M citrate (pK a 8.3 ± 0.1) are shifted to a higher value by about 1.2 pK a units compared with this enzyme in solution in the absence of citrate (pK a 7.2 ± 0.1). Many labs have measured this pK a to be near 7.0 for Co(II)-CA II in the absence of citrate and at lower ionic strength [3, 22, 23] . This shift to a more basic pK a in the presence of citrate is not due to a specific binding site for citrate at the metal in the active site of the enzyme, as there is no evidence of this from the crystal structures, and citrate does not inhibit this enzyme (see below).
Crystal structures of Co(II)-HCA II
The crystal structures of Co(II)-HCA II at near 1.5 Å resolution were solved and refined using standard procedures; the final refinement statistics are given in Table 1 . No significant changes were observed in the protein backbone and side chains due to the substitution of Zn(II) with Co(II) for crystals soaked at pH 6.0, 8.5 and 11.0. The polypeptide backbone of Zn(II)-HCA II (PDB id: 2ili [13] ) and the solved Co(II)-HCA II structures were identical, within the resolution limits of the structures, with a Ca RMSD less than 0.2 Å. The main observation for this study is that there was no evidence of citrate bound in the active site or on the surface of Co(II)-HCA II. The proton shuttle residue His64 in Co(II)-HCA II was observed in both inward and outward conformations [12] with near equal population of each for all three pH values.
Unlike Zn(II)-HCA II for which there appears to be a single solvent ligand over a range of pH [13, 24] , significant changes in the coordination number as a function of pH were observed in the first shell of the metal ion in Co(II)-HCA II crystals. The coordination around the cobalt for crystals soaked at pH 11.0 was tetrahedral with three histidine ligands and one solvent molecule (Figs. 4A and 5A; Table 2A ). This coordination was identical to that of the tetrahedral coordination of zinc in the native enzyme. The Co(II)-HCA II at pH 11.0 was also similar to the Zn(II)-HCA II in the locations of the second-shell ligands (Dw and W1) and the extended hydrogen bonded water network (W2, W3a and W3b) beyond the second shell (Figs. 1 and 4A) .
When the pH of the crystal soaking solution was decreased to 8.5, the coordination around the Co(II) ion appeared to shift from a tetra-coordinated to a coordination resembling more a pentacoordinated species (Figs. 4B and 5B). The electron density maps revealed first-shell solvent ligands that exhibited a volume too large to account for a single solvent molecule but not large enough for two discrete solvent molecules. The structure therefore was refined assuming 50% occupancy for the tetra-and penta-coordinated Co(II) species (Figs. 4B and 5B; Table 2B ). The tetracoordinated species is identical to the tetrahedral geometry of the native Zn(II)-containing enzyme, while the penta-coordinated species is a square pyramidal geometry (Fig. 5B) . Upon further decreasing the pH to 6.0, the cobalt ion assumed a hexa-coordinated ligation (Figs. 4C and 5C; Table 2C ). The deep water Dw and W1 from the second ligand shell moved into the first ligand shell. These three first-ligand solvent molecules along with the histidine residues are best described as octahedral geometry (Fig. 5C ).
Catalysis
The
18
O exchange method was used to measure the rate of hydration of CO 2 catalyzed by human Co(II)-HCA II. This method is based on the depletion of 18 O from CO 2 caused by repeated hydration-dehydration cycles as measured by membrane inlet mass spectrometry [21] . This rate of catalyzed hydration was not changed within experimental error when citrate up to 1.3 M was added incrementally to solutions containing Co(II)-HCA II (data not shown). Solutions were maintained at pH 7.6 using 0.1 M Hepes buffer at room temperature. The total concentration of all species of CO 2 was 25 mM.
Discussion
With the accumulation of considerable kinetic and crystallographic information on the carbonic anhydrases, it becomes useful to compare active-site properties in solution and in crystalline states. For example, catalysis by HCA II is very pH dependent [25] ; it is necessary to compare crystal structures and kinetic data under similar conditions. We have approached this by placing cobalt at the active site of HCA II and using its visible spectrum as a reporter both in solution and in crystals. Here we point out a significant difference in the pK a of the cobalt-bound water in crystal versus solution phase. The result we emphasize is that the spectroscopic pK a of 8.4 for Co(II)-HCA II in the crystal is considerably larger than the often measured pK a near 7.0 in solution (Fig. 3) .
We suggest this difference in pK a values is due to the significant differences in ionic strength. In this study, citrate was used in the crystallization precipitant solutions because it does not bind in the active site of Co(II)-HCA II, unlike sulfate. We know this because no ordered anion is observed in the crystal structures (Fig. 4) , and citrate was shown not to inhibit catalytic activity. In contrast, sulfate was avoided in precipitant solutions, as previous studies of HCA II [26] and Co(II)-HCA II [7] using sulfate resulted in sulfate bound in the active site, which impairs analysis of structure-function data and the role of ordered water in the active-site cavity. We also attempted to find other anions that might be useful in crystallization, however many including malate, oxalate, and glutamate were excluded because they were also all found to be inhibitors of carbonic anhydrase. It is unusual to find an anion that at high concentrations is not an inhibitor of HCA II. The lack of inhibition by citrate is likely due to its intensely negative charge as a trianion; the active site of HCA II near the zinc is narrow and lacking in sufficient positive charge to stabilize a complex with citrate.
The precipitant solution in the current studies contained 1.4 M citrate; this is an ionic strength of 4.8 M. Of course, this does not necessarily reflect the citrate content of the crystals. The visible spectrum of the solution form of Co(II)-HCA II in 0.8 M sodium citrate was fit to a pK a of 8.3 (Fig. 3) , nearly identical to the pK a obtained from the crystal. By this measure the crystal behaves as if it has the equivalent of 0.8 M citrate. The solution data (Fig. 3) show a pK a of 7.2 at an ionic strength of 0.06 M due to potassium sulfate.
Despite decades of study on the carbonic anhydrases, there is very little examination of the influence of ionic strength on the properties of the active site such as the pK a of the aqueous ligand of the metal. This is mainly because of the difficulty in finding anions that do not bind or interact in a manner that perturbs structural or catalytic properties. Jacob et al. [27] measuring the solvent relaxation of protons of an extensively dialyzed sample of Co(II)-bovine CA II, found a pK a as low as 5.2 at very low ionic strength. This pK a was observed to be 6.4 in Na 2 SO 4 at an ionic strength of 0.3 M. The effect of sulfate is in part a contribution to the ionic strength of solution and in part specific binding of sulfate at the active site as measured by inhibition of catalysis [28] . However, the data indicate and Jacob et al. conclude that the pK a of the metal-bound water is highly dependent on ionic strength. This conclusion was also reached by Pocker and Miao [29] who determined that the pK a of the zinc-bound water in bovine CA II in- 
